The simplest ideas of antiaromaticity refer to regular monocyclic systems and the eigenfunctions of the Hückel Hamiltonian for 4n π electrons in such systems. The antiaromaticity is expressed in the energy penalty for such idealized systems relative to the Hückel energy for 2n noninteracting π pairs. Observed systems seldom achieve the regular planar geometry assumed in this picture, owing to their ability to ease the antiaromaticity penalty by departures from the regular geometry and also by export of the 4n π electrons' charge to substituents. In this report we estimate numerical values for the stabilization derived from such departures from the structure and the charge distribution of the idealized antiaromatic cyclopropenyl anion for a specific case, 3-dehydro-3-methyl carboxylate cyclopropenyl anion 1(-) using the thermochemical scheme CBSQB3 supplemented by CCSD(T) calculations. According to the isodesmic reaction, the anion 1(-) is destabilized by about 10-15 kcal/mol relative to the saturated 3-dehydro-3-methylcarboxylate cyclopropyl anion 2(-). We propose that the anion relieves a portion of the antiaromatic destabilization by (a) pyramidalization of one carbon of the ring, and (b) export of negative charge into the ester substituent. Both of these responses are expressed in the equilibrium structure of the anion. In the course of the study we estimate the acidity of several related anions and the enthalpy of formation of their neutral conjugate acids, and describe the interconversion of 1 to the dehydrotriafulvalene anion 3(-) by reaction with CO 2 .
Introduction
Aromaticity is an organizing principle in chemical theory that is associated with a number of interrelated properties of molecules.
1,2 These properties generally depart from what might be expected from compounds composed of localized pair bonds, that is, distinct bond lengths characteristic of single, double, and triple connections; simple additive representations of molecular properties including enthalpy and magnetic susceptibility; and reactivity and spectra attributable to the behavior of local features (functional groups and chromophores). The notion of aromaticity is rooted in the study of conjugated unsaturated monocyclic planar hydrocarbons, but * Correspondence: zikalt@marmara.edu.tr This work is licensed under a Creative Commons Attribution 4.0 International License. the idea has been generalized to include three-dimensional systems, molecules with atoms other than H and C (both main-group and metals), and rings with nominally saturated centers. It is closely associated with another idea, that of delocalization, which has subtleties of its own. 3 One task of chemical theory is to express useful intuitive notions in quantitative and measurable (or at least computable) ways. Even the most careful efforts to make the concept of aromaticity rigorous in such senses have not been unambiguously successful. The most immediate energetic criteria (enthalpies of formation or hydrogenation) require choice of a reference system. Definition of energies for "homoisodesmic" reactions 4 helps to isolate the strain energy (itself elusive of definition 5, 6 ) from the stabilization energy associated with delocalization, called the resonance energy (RE).
7
Measures of bond length uniformity define an index called the harmonic oscillator model of aromaticity (HOMA) and the expression of delocalization provided by the chemical shielding tensor provides a basis for the nucleus independent chemical shift (NICS) criterion for aromaticity and its counterpart antiaromaticity, first systematically discussed by Breslow. 8, 9 A study of the mutual correlation of RE, HOMA, and NICS indices in a series of systems for which strain was not a complicating issue suggested that while these quantities were all successful in sorting molecules into the categories aromatic, nonaromatic, and antiaromatic, they showed little mutual correlation within those categories. 10 The notion of aromaticity was deepened by the work of Shaik et al. 11 Rather than attributing aromaticity to a tendency toward delocalization in the π system, these investigators showed by valence-bond modeling that π systems favor localization into two-center bonds, while the sigma systems drive bond-length equivalence. It seems that once the sigma system forces a ring into the proper geometry the π system is then capable of delocalization and its consequence, the stabilization called aromaticity. Much later Pierrefixe and Bickelhaupt were able to explain this behavior in the LCAO-MO context.
12
Antiaromaticity would seem to be the opposite face of aromaticity, but the possibilities for molecules to evade energy penalties cloud the discussion. 13 Rings obeying the Hückel 4n +2 criterion for delocalization and aromaticity are planar with uniform bond lengths, but 4n rings that would be classed as antiaromatic can adopt lower symmetry structures (cyclooctatetraene buckles; cyclobutadiene assumes a rectangular shape) or maintain symmetry only in excited singlet or triplet states. 14, 15 Even cyclopropenyl anion assumes a geometry (C s -symmetric with a strongly pyramidalized anionic carbon center) that minimizes interaction between the C =C π bond and the carbanionic lone pair according to the analysis by Glukhovtsev et al. 16 In principle (and in modeling 17 ) electron-withdrawing substituents can further reduce destabilization of 4n electron systems, as recognized already by Breslow. 8, 9 Isolation of the antiaromatic portion of destabilization of a 4n electron system can be further complicated by the (likewise nonobservable) change in strain energy. 18 Thus the resultant destabilization for an existing 4n electron system can be generally smaller than the stabilization enjoyed by a 4n +2 electron system. To characterize antiaromaticity we will rely on the time-honored device of referring to idealized systems. This is familiar from molecular mechanics, which takes a strain-free system with electrostatic interactions as the zero-energy reference point; group additivity methods, which take noninteracting fragments as the reference point; the Hückel model, which begins with identical interactions between adjacent π centers; and the hierarchy of isodesmic reactions, which incorporate a zeroth order assumption that similar fragments have like energy in various molecules, a "transferability" assumption. In this case, we choose as a reference planar species for which the destabilization from π interactions is fully expressed. Then we can see clearly how real systems evade this destabilizing influence.
Thermochemical data bearing on antiaromaticity can only be recovered from experimental data, which of necessity refer to molecules at their equilibrium geometries. In such cases rings can be nonplanar and the 4n electrons need not be confined to the ring. The antiaromatic penalty relative to the ideal ring system is thus minimized and obscured. In this work we will recover the full antiaromatic penalty for the carboxylatesubstituted cyclopropenyl anion 1(-) studied experimentally by Sachs and Kass.
19 They describe the gas phase reaction shown in Reaction 1 below.
Reaction 1.
Isodesmic reaction for production of antiaromatic anion 1(-) from saturated anion 2(-).
Here species 1 and 2(-) form 1(-) and 2, intended to capture the destabilization associated with the four π electrons confined to the cyclopropenyl anion ring. Their assumption seems to be that the difference in sigma strain between 1 and 2 is comparable to the difference in strain between 1(-) and 2(-). Then the change in strain for the reaction is minor, and the energy of the reaction can be attributed to the π system.
Sachs and Kass
19 also describe the reaction in the scheme Reaction 2, which bears on the destabilization of the cyclopropenyl anion; this reaction employs methyl methacrylate 4 and its conjugate base 4(-), each of which has much less strain energy than the corresponding small ring species.
Reaction 2. Alternative production of 1(-) from 1 and unstrained 4(-).
19 studied deuterium exchange for species 1 and found that protonation produced species 3-deutero-3-methylcarboxylatecyclopropene (3-deuterated 1) rather than 3-deutero-1-methyl cyclopropenecarboxylate (3-deuterated 5), as shown in Reaction 3 below. This suggests the anionic charge is located on the site of ester substitution.
Reaction 3. Preferred site of protonation of 1 is at the site of methylcarboxylate substitution.
19 studied the reaction of anion 1(-) with CO 2 and concluded that the dehydrotriafulvalene anion 3(-) was the dominant product, as shown in Reaction 4.
Reaction 4. Production of 3-dehydrotriafulvalene from cyclopropenyl methylcarboxylate.
They recommended consideration of a "symmetric cyclic anhydride intermediate" that accommodates their observation that 15%-20% of the isotopic label in 13 CO 2 was incorporated in the dehydrotriafulvalene anion product 3(-).
By computations of enthalpy changes for Reactions 1 and 2, we will provide independent estimates of the thermodynamic properties of cyclopropenyl and cyclopropyl anions. We will also evaluate the relative enthalpies of the alternative products of protonation shown in Reaction 3. With these results and comparative studies on cyanosubstituted derivatives we can describe the twofold response (by geometric distortion and charge export) of the anion 3-dehydro-3-cyclopropenyl methyl carboxylate 1(-) to the stress derived from the presence of four π electrons in its three-membered ring. Finally we will sketch the reaction profile for Reaction 4, following a mechanistic suggestion by Sachs and Kass. 
Results and discussion

Computational methods
We use the CBSQB3 20 scheme for thermochemical calculations, as implemented in Gaussian software. 21 This method includes a geometry optimization and verification of its character (be it an energy minimum, a saddle point, or a maximum in two or more dimensions). The sequence of basis sets used in the extrapolation, which include diffuse members, allows a reasonable treatment of anions, as attested by the accuracy of electron affinity values observed for this method.
22−24
We compare the CBSQB3 results to structures and energy values obtained by CCSD(T)/cc-pVTZ//MP2/ccpVTZ calculations, with zero-point vibrational energies and thermal corrections evaluated in MP2/cc-pVTZ. To estimate the impact of diffuse functions on the energetics, we also conduct CCSD(T)/aug-cc-pVTZ single-point calculations for the structures defined by MP2/cc-pVTZ optimization.
Structures
Structures, energies, and selected internal coordinates for species participating in Reactions 1 and 2 are collected in Figure 1 . (Reaction 4 is discussed separately, below.)
The neutral structures shown in Figure 1 are unsurprising: cyclopropenyl methylcarboxylate (1) and cyclopropyl methoxycarboxylate (2) are both C s -symmetric with the ester fragment lying in a plane that bisects the three-carbon ring. The O =C-O-Me fragment assumes the cis conformation and the carbonyl is syn to the 3-membered ring. Removing the proton at the 3 (ester-substituted) position leaves the pyramidal anions dehydro cyclopropenyl methylcarboxylate 1(-) and dehydro cyclopropyl methoxycarboxylate 2(-). Upon deprotonation, the ester fragment rotates, breaking C s symmetry so that the lone pair formerly confined to the ring can be delocalized toward the carbonyl π * local MO. Accordingly the C =O bond length increases in the cyclopropyl system, from 1.212 to 1.234 Å. Open chain analogues to 1 and 1(-), 2-propenyl methylcarboxylate 4, and dehydro 2-propenyl methylcarboxylate 4(-) are also shown in Figure 1 . We describe the acidity and proton affinity of these species below.
Acidities and proton affinities
The gas phase basicity and proton affinity (PA) of a molecule M are both defined in terms of the hypothetical reaction M + H( +) → MH( +). The gas phase basicity is the negative of the Gibbs energy associated with this reaction, while the proton affinity is the negative of the corresponding enthalpy change. 25 
Sachs and Kass
19
bracketed the acidity of 1 from experimental data, arriving at an estimate of 391 ± 4 kcal/mol, and estimated the acidity of the saturated analogue 2 as 377 ± 4 kcal/mol. The thermochemical scheme CBSQB3 produces free energy changes agreeing closely with these estimates, as shown in Table 1 . We also include related structures 5, 6, and 7, shown below. This enhances our confidence in the accuracy of CBSQB3 thermochemistry. We include estimates of acidity for species 3(-) and 5(-). Comparison may be made with the substantially larger acidities and proton affinities of cyclopropane 6 and cyclopropene 7; the effect of substitution is substantial. We obtained alternative proton affinities by computing MP2/cc-pVTZ structures, zero point energies, and thermal corrections. Retaining the MP2 ZPEs and thermal corrections and using the MP2 geometries, we conducted single-point calculations with the CCSD(T)/cc-pVTZ and CCSD(T)/aug-cc-pVTZ models. The resulting estimates of proton affinities, as shown in Table 1 , are close to the CBSQB3 values. The augmented basis set improves enthalpies of protonation by about 5 kcal/mol.
Reaction energies
Enthalpy changes for Reactions 1-3 are collected in Table 2 . The estimate for ∆ H for Reaction 1 of 14 ± 6 kcal/mol derived from acidity bracketing agrees closely with the CBSQB3 estimate of ∆ H, and the CCSD(T)/ccpVTZ//MP2/cc-pVTZ and CCSD(T)/cc-pVTZ//OLYP/cc-pVTZ values of ∆ E (electronic) with ZPE and thermal corrections are consistent with the thermochemical estimates. Our calculations overall put the enthalpy change for the reaction in the range 12 to 16 kcal/mol. Estimates for Reaction 2 are a bit smaller than the value 14 kcal/mol adopted by Sachs and Kass. Protonation of anion 1(-) produces neutral species 1 rather than the alternative species 5, as shown in Reaction 3. The protonation occurs at the site with the substituent methyl carboxylate. CBSQB3 enthalpy values cited in Table 2 show that 5 is about 4-6 kcal/mol less stable than 1. The equilibrium ratio of concentrations of 5 to the concentration of 1 should be the Boltzmann factor, exp(-4000/RT) or about 1 part per thousand.
19
Enthalpies of formation by atomization
One straightforward way to estimate gas phase enthalpies for formation of a species is to calculate its energy of atomization. Then with experimental values of enthalpies of formation of atoms, one can infer the enthalpy of formation of the molecule in question. Using CBSQB3 values and the experimental data quoted in Table 3 we obtain the values appearing in Table 4 . 33 Winkelhofer et al., 34 and Li et al. 35 The group additivity method (GAM) calculation for triafulvalene uses a ring strain contribution of 225 kJ/mol from Benson et al., 29, 30 and the group value for Cd-H(Cd)(Cd) from Verevkin et al. 31 and introduces a value for Cd=(CO) to reproduce the gas phase enthalpy of formation of ketene according to ΛH f (ketene) = Cd=(CO) + H2Cd-Cd, the latter term already known.
29,30
e C-H(C d )2(CN) is not available; we used C-H(C )2(CN) where C d is an sp 2 carbon and C is an sp 3 carbon.
Enthalpies of formation by isodesmics
We can estimate the enthalpies of formation of neutral species in the gas phase according to the CBSQB3 enthalpies for the reactions shown in the schemes Reactions 5a-5d.
The necessary experimental data associated with structures of Reaction 5 appear in Table 3 . Values are from the NIST webbook, 26 except as noted.
Values inferred for the species at issue are listed in Table 4 : enthalpies for the anions can then be obtained from the proton affinities already in hand. Values derived from isodesmic reactions are largely consistent with the estimates from atomization energies. Merrill and Kass 17 compute values of proton affinities for cyclopropenyl anion ranging from 412 to 422 kcal/mol and for cyanocyclopropenyl anion ranging from 379 to 388 kcal/mol.
The differences have a narrower range, from 33.5 to 34.7 kcal/mol.
Destabilization arising from antiaromaticity
As we showed above, the detailed structures of these species show that (a) the conjugate base 2 anion is strongly pyramidalized at the substituted site; (b) the bond lengths of the three-membered ring are far from uniform in length; and (c) a substantial portion of the charge is exported from the three-membered ring to the ester substituent. All these departures from the ideal structure with an equilateral ring and overall planarity are ways to reduce the destabilizing effect associated with antiaromaticity. We will illustrate these points by calculations on the parent cyclopropene and cyclopropane rings and their conjugate bases, as well as these rings with the electron-withdrawing cyano substituent.
These and similar systems have attracted the attention of many investigators. An alternative isodesmic reaction for triafulvenone is 5e:
The cyano-substituted cyclopropane and propene can be obtained from the reactions 5 f and g :
Reaction 5. Schemes a-d represent the isodesmic formation reactions of sample substituted species; scheme 5e is an alternative isodesmic reaction for triafulvenone; schemes 5f and 5g are the formation reactions for the cyano-substituted cyclopropane and cyclopropene, respectively.
If we are to develop an estimate of the destabilization associated with the four electron cyclic systems we must somehow isolate the effects of geometric distortion and charge transfer from the total reaction energy. We address this task first by considering the parent ring in Reaction 6. Reaction 6. Isodesmic reaction for production of cyclopropenyl anion.
Glukhovtsev et al.
16 used G2 thermochemistry to evaluate the enthalpy change for this reaction, reporting ∆ H = + 4.1 kcal/mol. Our value from CBSQB3 is 7.0 kcal/mol for the geometry-optimized cyclopropenyl anion. By this measure the cyclopropyl anion is energetically preferred to the cyclopropenyl anion. Forcing D 3h symmetry on the cyclopropenyl anion incurs an enthalpy penalty of 30.5 kcal/mol; the net 37.5 kcal/mol enthalpy change suggests that the relative stability of the cyclopropenyl anion is entirely due to the opportunity to pyramidalize an anionic center. The destabilization is substantially larger than the G2 enthalpy value of destabilization of cyclobutadiene upon forcing D 4h symmetry, 30.8 kcal/mol.
16
Of course the high-symmetry forms of the cyclobutadiene and cyclopropenyl anion are not even local minima and would not have a meaningful lifetime. The symmetric forms are serving as reference structures in which the π interaction is most pronounced, for better (in the aromatic 4n +2 case) or worse (in the 4n antiaromatic case). Following the well-established practice of using hypothetical systems as references we use these ideal structures to estimate the limiting value of antiaromatic destabilization. One may well object that the energy difference between a D 3h cyclopropenyl anion and the equilibrium C s pyramidal form must include a change in strain energy as a carbon environment changes from trigonal planar to a pyramidal form. We can address this issue by defining an isodesmic reaction shown in the scheme Reaction 7 in which the strain energy is largely canceled.
Here a planarized cyclopropyl anion (A) and a pyramidal cyclopropenyl anion (B) are transformed to a pyramidal cyclopropyl anion (C) and a planar cyclopropenyl anion (D).
Reaction 7.
An isodesmic reaction for which ring strain tends to be canceled.
For the parent (R =H, with the planarized anion forced to D 3h symmetry) the CBSQB3 enthalpy of the reaction is 19.4 kcal/mol (Table 5 ). This is an estimate of the total antiaromaticity penalty for planarizing the cyclopropenyl anion, roughly independent of the change in strain energy. The strain energy portion of the total 37.5 kcal/mol cost for planarization and symmetrization, ca. 17 kcal/mol, is similar in magnitude to the π -antiaromaticity penalty (that is, the difference between the total energy penalty and the change in strain energy, ca. 20 kcal/mol). The decline in planarization penalty and the decrease in the barrier to planarization upon substitution by an electron-withdrawing agent can be understood as a consequence of enhanced export of the ring charge in the planar form. The banishment of charge from the ring relieves the antiaromaticity penalty. This behavior is also seen in methylcarboxyl substituted cyclopropenyl anion. The graphs of local ionization potential (Figure 2) show that labile charge (in red, situated at the 3-carbon of the cyclopropenyl ring) is delocalized by substituents.
A balance is struck between stabilization by charge export and by pyramidalization, since the export is more complete in the planarized form. The reddest regions representing the most easily removed charge are localized on the ring in the pyramidalized form, relocated to the substituent in the planarized form.
We notice that the pyramidalization angle increases (in our convention, it is 180 for the planar form) and the system becomes more nearly planar as the amount of charge exported from the ring increases. The Weinhold natural atomic charges 48, 49 reported in Gaussian 09 are recorded in Table 6 . For the acyl cyclopropenyl anion, export is nearly complete; the cyano substituent is less effective than the ester.
anion forced to D 7h symmetry yields 1 kcal/mol. Planarization of C 7 H 7 (-) requires only 2 kcal/mol if the ring is allowed to assume distinct bond lengths, but a total of 10.5 kcal/mol if equal bond lengths are enforced. Of this total essentially all is strain energy. A reasonable correlation (R 2 = 0.970) is observed between pyramidalization angle and ring charge ( Figure   3 ), suggesting that pyramidalization is a response to the presence of charge in the ring, stabilizing the system by reducing its antiaromatic character.
A remark on electrostatics
Kass has presented an analysis of the acidity of cyclic alkenes C 3 H 4 , C 4 H 6 , C 5 H 8 , and C 6 H 10 .
50 These values correlate well with CC*C bond angles, C* being the site of deprotonation. Kass remarks that one need not appeal to antiaromaticity to explain the monotonic increase in the energy necessary to remove a proton as the allylic angle CC*C decreases; the increase in electrostatic repulsion with confinement rationalizes the trend. We see from the analysis above that strain energy and the antiaromatic penalty and then of course their sum, the total destabilization, are all correlated, which explains the relation between CCC angle and acidity Kass observes. The appeal to electrostatic repulsion alone is problematic in view of the requirement to satisfy the virial theorem, which relates kinetic and (the total) potential energy. 51−54 For present purposes we focus on the total energies attending the geometric response as the anion is formed. In the case of cyclobutene, deprotonation produces a nearly planar C 2 -symmetric anion with a CC*C angle of about 98°. Forcing the anionic system into planarity requires less than 2 kcal/mol. In contrast, deprotonating cyclopropene produces a strongly pyramidalized anionic center with a CC*C angle of 48°. As noted above, planarizing the system and forcing the CC*C angle to 60°costs ca. 30 kcal/mol. The geometric distortion returns the acidity to the correlation line established by larger cycloalkene rings. We would say again that the geometric distortion has minimized the antiaromaticity penalty, and that distortion permits the observed correlation of acidity and CC*C bond angles.
Exploration of the mechanism for production of species 3(-) from species 1(-)
Reaction 4 in which anionic species 1(-) reacts with carbon dioxide to produce anion 3(-) was reported by Sachs and Kass, 19 who speculated on a possible mechanism. The enthalpies and Gibbs energies for some important structures are collected in Table 7 . The species I(-) represents the anionic form of the species I.
The reaction pathway leading to the production of anhydride and methanol from the reaction of species I and CO 2 is shown in Figures 4-6 . Note that the anion I is identical with species 1(-) of Reaction 1. The CO 2 adduct II in Figure 4b seems to form by a barrierless process of the reaction of species I with CO 2 . The transition state III by which the anionic anhydride IV is formed and CH 3 OH is expelled is represented in Figure 4c . The equilibrium structure IV of the anionic anhydride and H-bonded methanol is shown in Figure 4d . Figure 5 depicts the reaction steps for the breakup of the symmetric anhydride. The structure for the product of the proton transfer reaction is shown in Figure 5b . The transition state for the anhydride breakup is depicted in Figure 5c . The resulting structure after complete breakup of the anhydride is shown in Figure 5d .
The reaction steps for the formation of the butatrieneone 10(-), methanol, and CO 2 as final products are shown in Figure 6 . The transition state species VI of extrusion of CO 2 is depicted in Figure 6a . The result of the reaction step in which species XIII anion 3(-) is produced and methanol and CO 2 are lost is We found that the adduct shown in Figure 4b was formed with no enthalpic barrier, and the CO 2 adduct II occupies a deep minimum in the energy surface. ∆ H for the CO 2 addition to 1(-) is -51 kcal/mol, while ∆ G is -41 kcal/mol, which can be calculated from the data in Table A2 in the appendix. This helps explain why a species with the mass of the CO 2 adduct is found among the reaction products. Formation of the cyclic anhydride intermediate can precede or be accompanied by deprotonation of the cyclopropenyl ring, which is accomplished by the methoxy anion expelled as the cyclic anhydride is formed.
No low-energy transition state (TS) is found in the CBSQB3 trace of the methoxide expulsion and proton transfer producing methanol as the anhydride ring closes (arriving at species V), though lower levels of theory suggest the presence of a small energy barrier. The anhydride can open along with the former three-membered ring, to form species VI. ∆ G f of less than 2 kcal/mol for species in the G2/97 database. CBS-APNO has a mean unsigned error of about 0.7 kcal/mol and a maximum error of 1.5 kcal/mol for that data set.
Assuming comparable reliability for species 1(-) and 3(-) these very consistent values suggest that Reaction 4 is endothermic and not spontaneous. It is not beyond the bounds of possibility that the error in ∆G (RX) for this specific reaction is large enough that the prediction of nonspontaneity is ambiguous. We should, however, consider that an alternative product is formed. A referee, whom we thank, suggests that the open chain diyne species HCCCCO anion 10(-) may be formed rather than 3(-). We find that CBSQB3, G4, and CBS-APNO are consistent in their estimates of ∆H and ∆G for the overall reaction producing the diynone 10(-), CO 2 , and methanol from 1(-) and CO 2 to be near -31 and -42 kcal/mol, respectively. However it is necessary to surmount a barrier of ca. 20 kcal/mol to produce the quasilinear product. Whether the linear form is in fact produced in the gas phase must depend in part on the rate of collisional deactivation-efficient cooling would favor the product dehydro triafulvalene species 3(-) over the diyneone product species 10(-).
Conclusion
Our simplest ideas of aromaticity begin with the n π electrons on regular monocyclic (CH)n systems. The π energy as modeled in Hückel theory for a "benzene" six-electron six-center system is 8 β . Adding two electrons reduces the π energy to 6 β . A three-center two-electron "cyclopropenyl cation" system has energy 4 β while the corresponding anion has energy 2 β . In general, stabilization is found for this model of cyclic systems with 4k +2 electrons (aromaticity); in contrast cyclic systems with 4k electrons show no such stabilization (antiaromaticity).
We call this deficit the antiaromaticity penalty. Here we study 4-electron variants of cyclopropyl anion. By isodesmic reactions we estimate the energy changes attending two kinds of response to the antiaromaticity penalty. The penalty can be reduced in two ways: (i) geometric distortions of the ring (bond length changes and ring buckling) and (ii) charge export from the ring. The prototype cyclopropenyl anion pyramidalizes so to reduce coupling among the four electrons. They become a localized lone pair and a π bonding pair.
A strong electron-withdrawing substituent on a planar three-center four-electron system can remove a pair of electrons from the π -antiaromatic set. CBSQB3 and supplementary CCSD(T)/cc-pVTZ//MP2/ccpVTZ calculations establish a correlation between ring charge and pyramidalization angle at minimum-energy structures. In real systems a balance is struck between the charge export (which is easiest near planarity) and pyramidalization. By analysis of isodesmic reactions we can make independent estimations of the strain and π -antiaromaticity components of the total energy required for planarization. These calculations permit evaluation of enthalpies of formation for -CN and -COOMe substituted cyclopropenyl anions and also the dehydro triafulvenone anion produced by the reaction of -COOMe substituted cyclopropenyl anion with CO 2 .
In the course of this study we also estimated enthalpies of formation of several three-carbon ring compounds including the -CN and -COOMe substituted cyclopropenyl anions. We elucidated how the dehydro triafulvenone anion may be produced by reaction of -COOMe substituted cyclopropenyl anion with CO 2 . Our analysis supports the proposal that a symmetric anhydride is an important intermediate in that reaction. 
